A previous study of random mutations, mostly introduced by error-prone PCR (EPPCR) or DNA shuffling (DS), demonstrated that those closer to the enzyme active site were more effective than distant ones at improving enzyme activity, substrate specificity or enantioselectivity. Since then, many studies have taken advantage of this observation by targeting site-directed saturation mutagenesis (SDSM) to residues closer to or within enzyme active sites. Here, we have analysed a set of SDSM studies, in parallel to a similar set from EPPCR/DS, to determine whether the greater range of amino-acid types accessible by SDSM affects the distances at which the most effective sites occur. We have also analysed the relative effectiveness for obtaining beneficial mutants of residues with different degrees of natural sequence variation, as determined by their sequence entropy which is related to sequence conservation. These analyses attempt to answer the question-how well focused have targeted mutagenesis strategies been? We also compared two different sets of active-site atoms from which to measure distances and found that the inclusion of catalytic, substrate and cofactor atoms refined the analysis compared to using a single key catalytic atom. Using this definition, we found that EPPCR/DS is not effective for altering substrate specificity at sites that are within 5 Å of the active-site atoms. In contrast, SDSM is most effective when targeted to residues at <5-6 Å from the catalytic, substrate or cofactor atom, and also for residues with intermediate sequence entropies. Furthermore, SDSM is capable of altering substrate specificity at highly and completely conserved residues in the active site. The results suggest ways in which directed evolution by SDSM could be improved for greater efficiency in terms of reducing the library sizes required to obtain beneficial mutations that alter substrate specificity.
Introduction
The dramatic rate accelerations and exquisite regio-and stereo-specificities of enzymes make them highly attractive for chemical synthesis. Directed evolution through random mutagenesis of the gene encoding for an enzyme provides a generally applicable route for improving the activity or substrate specificity, with no prior knowledge of structure -function relationships (Chen and Arnold, 1993; Stemmer, 1994) . However, it was initially observed (Dalby, 2003) and later quantified ) that enzyme mutations with improved activity, substrate specificity or enantioselectivity, obtained by error-prone PCR (EPPCR) or DNA shuffling (DS), are biased towards residues within 5 -15 Å of the active site. In addition to previous successes which applied random mutagenesis to targeted regions of enzyme structure (Kast and Hilvert, 1997; Miyazaki and Arnold, 1999; Goud et al., 2001; Shinkai et al., 2001; Ting et al., 2001; Wang et al., 2001; Hayes et al., 2002; Santoro and Schultz, 2002; Hill et al., 2003; Peimbert and Segovia, 2003) , these observations led to a greater interest in designing smart directed evolution libraries (Hibbert and Dalby, 2005; Reetz et al., 2008) in which fewer residues are targeted, such as only those in the active site, in favour of a more thorough exploration of the amino-acid diversity (Schmitzer et al., 2004; Mullegger et al., 2005; Park et al., 2005; Parikh and Matsumura, 2005; Reetz et al., 2005; Ashworth et al., 2006; Hibbert et al., 2007 Hibbert et al., , 2008 ; Reetz and Carballeira, 2007) .
Directed evolution methods such as EPPCR and DS generally introduce a statistically limited range of potential amino-acid exchanges. In contrast, site-directed saturation mutagenesis (SDSM) targeted to hotspots identified by EPPCR has provided further improvements in enzyme function as a result of the greater diversity of available amino acids (Miyazaki and Arnold, 1999) . However, it has not yet been shown whether this greater exploration of amino-acid diversity affects the distribution of beneficial mutations in a similar or different way to EPPCR/DS (for which beneficial mutants are biased towards those residues within 15 Å of the active site). For example, are residues that are in direct contact (first shell) with substrate or cofactors, more or less likely to produce mutants with altered substrate specificity than the surrounding (second shell) residues when using SDSM? The recent increase in saturation mutagenesis studies targeted to enzyme active sites presents a timely opportunity to study these effects in detail, with the potential to further improve SDSM strategies for altering the substrate specificity of enzymes.
We recently observed that active-site mutations which increased the activity of transketolase, irrespective of substrate, were biased towards residues of intermediate sequence entropy (1.25 -2.0) in an alignment of homologous sequences, whereas changes in substrate specificity mostly occurred at sites that were highly conserved (sequence entropy of 0 -0.3) (Hibbert et al., 2007; Hibbert et al., 2008) . This observation parallels, in part, a previous analysis of epidermal growth factor (EGF) variants selected for binding to the EGF receptor (Cochran et al., 2006) , in which beneficial mutations were biased towards residues with intermediate natural sequence entropy (1.0 -2.0). However, for the protein -protein interaction studies, mutation of residues with low natural sequence entropy (0 -1.0) tended to lead to a loss of function. In contrast, the relative merits of targeting highly conserved versus lesser conserved active-site residues in enzymes have not yet been described. In particular, it is not clear whether or not the directed evolution of transketolase presented a typical result for enzymes.
Here, we considered two subsets of representative enzymes for which directed evolution has been applied by either EPPCR or DS (10 enzymes) or by SDSM (12 enzymes) and compared the distribution of their natural sequence variations and also of the observed beneficial mutations. The distributions were compared in terms of their sequence entropy, and also their distance from the active site where the active site is defined either by a single key catalytic atom or additionally including substrate, inhibitor and cofactor atoms. The latter additions improved the definition of the active site to discern first-shell residues from all others. The study revealed that for SDSM libraries, beneficial mutations show an increased bias towards residues within 5 Å of catalytic, substrate/inhibitor or cofactor atoms. This is in marked contrast to EPPCR/ DS libraries analysed both here and by Morley and Kazlauskas (2005) and therefore highlights a potential area for the refinement of targeted directed evolution strategies. The distribution of sequence entropies at sites for which beneficial mutants were obtained by the two methods also suggests that SDSM is significantly more likely than EPPCR/ DS to return beneficial mutants at highly conserved residues within the active site.
Materials and methods

Criteria for choice of enzymes
For inclusion in the analysis, enzymes were required to match several criteria. For each enzyme, a published study was required on directed evolution using either EPPCR or DS of the entire protein or SDSM of a selected set of residues. A protein structure of the enzyme complete with cofactors, plus also a complex with a substrate or substrate analogue in either the same structure or in a close homologue, had to exist in the Protein databank (PDB) (Berman et al., 2003) . A sufficient number of homologous sequences in the Genbank (Benson et al., 2009) or Uniprot (Leinonen et al., 2004) sequence databases were required to obtain statistically meaningful sequence entropy data (see below). All directed evolution studies chosen resulted in altered substrate specificity, except deoxyribose-phosphate aldolase (DERA) that was selected only for an increased activity on the natural substrate. The kinetic data or improvement factors and the mutations present were also required from the literature to ensure only statistically significant changes upon mutation were considered.
Modelling of substrates/inhibitors from homologous structures
Where substrates or their analogues were not available in the PDB as complexes with the exact wild-type enzyme used in the directed evolution studies, an additional structure for such a complex with a very close protein homologue was identified (Table I ). The two proteins were structurally aligned using the Pymol software align function (DeLano, 2002) . The final structure used in these cases was a composite of the original wild-type protein and the substrate or substrate analogue from the related structure.
Distance of residues to active-site atoms
The distance to each residue in an enzyme was measured from active-site atoms defined in two different ways. In the first, a single key active-site atom was defined as described previously . This was a nucleophile, electrophile or water molecule oxygen atom (where resolved) that is known or postulated to react with the substrate in the catalytic mechanism. The second definition included the single catalytic atom plus the substrate or substrate analogue atoms and also any catalytically important cofactors or metal ions. A Python script was written to extract from the enzyme PDB structure the minimum distances between every residue and each active-site atom set.
Sequence entropy of residues
For each alignment, up to 500 non-duplicate sequences with at least 40% sequence homology, as defined by BLOSUM62 (Henikoff and Henikoff, 1992) , were initially obtained for each enzyme using a BLASTP search with the experimentally evolved enzyme as the query sequence. To obtain a smooth distribution across the full range of sequence homology, it was necessary in some cases to separately search the Uniprot Clusters database at below the 90% and 50% thresholds due to a large number of sequence returns with very high homology. For groups of near-identical sequences from the same organism, only one representative was retained in each case. Sequences were aligned using ClustalW (Thompson et al., 1994) with some manual refinements by eye mostly at the boundaries of sequence clusters created by gaps. Fragmented or partial sequences were removed. Gaps created in the query sequence were removed along with the corresponding positions from homologous sequences. The available sequence homology in the Genbank database can vary greatly for different enzymes. Therefore, to maximise comparability between enzymes, sequences were selected to give similar average sequence entropies, while retaining a smooth distribution of sequence homology and a minimum of 40 sequences (twice the number of possible amino acids). The final average entropies were between 1.08 and 1.6 (Table I ) from a possible range of 0-3.04. The sequence entropy for each residue in the query sequence was calculated in Bioedit (Hall, 1999) where H(l) is the uncertainty or entropy at position l, b represents a residue (out of the allowed choices for the sequence in question) and f(b,l) is the frequency at which residue b is found at position l. The information content of a position l, then, is defined as a decrease in uncertainty or entropy at that position. The maximum entropy for 21 possible amino acids (including stop codon) is 3.04 and zero represents a fully conserved residue. Distribution of mutants from directed evolution
Definition of sites
A beneficial mutant was defined as those variants which resulted in a change in substrate specificity or increase in activity relative to the wild type that was considered significant relative to errors quoted, and in any case greater than a 30% change. In Table II , 'all residues' were defined as the total number of residues in the complete wild-type sequences, whereas 'target residues' were defined as the total number of residues at which random mutations could potentially occur. For EPPCR/DS experiments, the number of targets is equal to the number of residues in all cases. 'Hotspot residues' were defined as wild-type enzyme sequence residues that were found to be mutated in at least one improved variant. The number of 'beneficial mutations' was the sum total of all different amino-acid substitutions occurring in improved variants, including those found at the same hotspot.
Optimisation of distance and H(x) boundary values for greatest yield of mutants per target residue
For the SDSM data, a grid search method was implemented in Python programming language to calculate the enrichment ratio (beneficial mutants obtained per target residue) for the target residue sets identified by three different methods. In the first, only the maximum distance from the active site was varied. The minimum distance was zero and all sequence entropy values were included. The second method varied both the minimum and maximum distance values, while all sequence entropy values were included. The third method varied the upper and lower boundary values for a single distance and two non-overlapping sequence entropy ranges. The grid search calculated all combinations of these boundary values with step values of 0.5 Å for both maximum and minimum distances over the range 0 -34 Å and of 0.1 for maximum and minimum sequence entropies over the range 0 -3.1, which ensured inclusion of all target residues.
Results
Choice of enzymes
The enzymes that passed all the criteria described in the Materials and Methods section for either the EPPCR/DS or SDSM approaches are detailed in Table I . The structure file (PDB) of the wild-type enzyme, along with the inhibitor or substrate bound within the active site (and where different, the corresponding PDB structure), is also given. Table I also shows the number of hotspot residues at which beneficial mutations were found in each study, the average sequence entropy H(x) for each enzyme sequence alignment and the number of sequences available for each alignment. Ten enzymes were found to fit all necessary criteria for the EPPCR/DS method and 12 were found for the SDSM method. The targeting of EPPCR/DS to 4010 residues in total generated 38 beneficial single mutations at 33 hotspot residues. The targeting of SDSM to a total of 164 residues generated 231 beneficial mutations at 64 hotspot residues (Table II) .
The enzymes varied in size with an average of 401 and 502 residues per enzyme for the EPPCR/DS and the SDSM sets, respectively (Table II) . The EPPCR/DS set ranged from 179 to 686 residues with a standard deviation of 199 residues. The SDSM set ranged from 151 to 1062 residues with a standard deviation of 326 residues. The sequence entropy distributions were very similar with average entropies of 1.34 and 1.37 for EPPCR/DS and SDSM and standard deviations of 0.2 and 0.18, respectively (Table II) .
Although all EPPCR/DS variants were single mutants, SDSM variants contained a mixture of both single and multiple mutants. Although the effects of multiple mutations may occasionally be expected to be synergistically coupled (Dalby, 2003; Reetz et al., 2005) , no synergistic effects were identified by the respective authors. Exchanges in multiple mutated variants also typically occurred in more than one different variant, suggesting that they have arisen independently and contribute to the observed changes in substrate specificity.
Comparison of distance measurement methods
The cumulative fraction (%) of all possible enzyme residues (all of which are targets for EPPCR) and of all beneficial mutants obtained by EPPCR/DS that occur below each distance to the enzyme active site are shown in Fig. 1A . Two distance methods are presented: one to a single defined catalytic atom as described previously , and a second for the shortest distance to any catalytic, cofactor or substrate atom. For both distance definitions, the cumulative fraction of all enzyme residues increased with a slight upward curvature where each successive 'shell', further from the active site, added a few more residues than the previous. As has been previously shown , mutants from EPPCR/DS that alter substrate specificity are biased towards shorter distances on average than the original target residues. Consistent with this, we observed that 60% of beneficial mutants occurred within 15 Å of the catalytic atom and that the trend then increased monotonically with distances above 15 Å . In contrast, the expanded active-site definition placed over 80% of the beneficial mutants within 15 Å of the catalytic, cofactor and substrate atoms. This increase in beneficial mutants mirrors the rise in the total number of residues falling 'All residues' were the total number of residues in the complete wild-type sequences. 'Target residues' were the total number of residues at which random mutations could potentially occur. 'Hotspot residues' were those that were found to be mutated in at least one improved variant. 'Beneficial mutations' were the total of all different amino-acid substitutions occurring in improved variants, including those found at the same hotspot.
within the expanded active-site definition, suggesting that EPPCR/DS is equally selective towards active-site residues defined by the two methods. A similar plot is shown in Fig. 1B for all enzyme residues, targeted residues and beneficial mutants obtained by the SDSM method. For the distance to a single catalytic atom, the cumulative fractions of target residues and beneficial mutants both increased linearly with distance such that 72% of all mutants (166 of 231 total) are obtained from the 44% of all target residues (72 of 164 total) that occurred within 10 Å of the active site. This suggests that on average, all preselected target residues returned beneficial mutants with approximately the same probability. Indeed, this is confirmed in Fig. 1C by an approximately constant enrichment ratio (beneficial mutants obtained per target residue) found within each binned distance range (shell), although the probability decreased slightly for residues between 10 and 12 Å from the catalytic residue.
For the expanded active-site definition, the distances in Fig. 1B shifted markedly such that 83% of all beneficial mutants (191 of 231 total), and 58% of targeted residues (96 of 164), appeared within 6 Å of the active site. The corresponding enrichment ratio decreased steadily for each increasing distance bin, suggesting that closer residues have a higher probability of returning beneficial mutants when using SDSM. The average enrichment ratio (Fig. 1C) obtained for SDSM studies was notably over 50-100Â higher than for EPPCR/DS studies. This value was slightly lower overall (about half on average) for the expanded active-site definition than for distance measured from a single catalytic atom, corresponding to an increase in the total number of target residues.
A degree of pre-selection of target residues has already taken place by the authors in the SDSM studies based on proximity to the active site, and potentially also using other structural or mechanistic knowledge. Therefore, it is useful to analyse the yield of beneficial mutants obtained relative to the number of all enzyme residues that could have been selected at each distance threshold and compare them for each of the two distance definitions. For example, to obtain 72% of all observed beneficial mutants required consideration of a total of 656 enzyme residues falling within 10 Å of the single catalytic atom sites. In comparison, a total of only 300 enzyme residues fell within 5 Å of catalytic, cofactor and substrate atoms, and yet gave the same return of 72% of all observed beneficial mutants. Having established the advantage of the more inclusive active-site definition, all subsequent analyses were carried out using the definition of distance from these atoms.
Distributions of distance and sequence entropy for all residues
The distribution of distances from the active site for all residues, as a function of their phylogenetic sequence entropies [H(x)], is shown in Fig. 2A and B for enzymes studied by EPPCR/DS and SDSM, respectively. By far, the majority of residues occurred at over 10 Å from the active site and with sequence entropies at intermediate values ranging from 1.2 to 2.5. The distribution for the enzymes studied by EPPCR/ DS ( Fig. 2A ) was compressed into a slightly lower range of sequence entropies than those studied by SDSM (Fig. 2B) , although their average entropies were the same within error at 1.34 and 1.37, respectively (Table II) .
The total number of residues increased rapidly as a function of distance as expected for globular proteins. The skew introduced by this increase at greater distances can be eliminated by normalisation of the distributions in Fig. 2 with the total number of residues appearing within each binned distance category. This gives the percentage of the total number of residues from each distance category occurring at each sequence entropy range (Fig. 3A and B) . These plots show more clearly the close relationship between sequence entropy and the distance from the active site. In both cases, there appears to be at least two peaks with sequence entropies around 0 -0.2 and 0.7 -0.9, for residues immediately surrounding (i.e. within 0 -5.5 Å of ) the catalytic atom, substrate and any cofactors. As the distance from the active site increased, the sequence entropy distribution merged into a Fig. 1 . Characterisation of the residues, target sites and mutants found within each distance threshold from the active site as defined by two methods. (A and B) Cumulative fraction of all residues and mutants occurring below each distance threshold from the active site for (A) 4010 residues (squares) and 38 beneficial mutants (triangles) from EPPCR, and for (B) 6022 residues (diamonds), 164 target residues (squares) and 231 beneficial mutants (triangles) from SDSM. (C) Dependence of enrichment (ratio of beneficial mutants to target residues) upon distance for EPPCR/DS (triangles) and SDSM (squares). Distance measured using the catalytic atom only (filled) and also including substrate/inhibitor and cofactor atoms (open).
Distribution of mutants from directed evolution single broad peak which also increased in value. A third peak with sequence entropy of 0.6 is evident for the EPPCR/ DS enzyme set, but it may not be statistically significant due to a low population and could result from only one or two of the sequence alignments being less smoothly distributed than the others. Relationship between distance to the active site and phylogenetic sequence entropy, H(x), for all residues in the two sets of enzymes. The frequency of residues occurring in each binned region is shown for (A) enzymes subjected to EPPCR/DS and (B) enzymes subjected to SDSM. Fig. 3 . Relationship between distance to the active site and phylogenetic sequence entropy, H(x), for all residues in the two sets of enzymes. The number of residues at each sequence entropy is shown as a percentage of the total number of residues within each distance category. (A) Enzymes subjected to EPPCR/ DS and (B) enzymes subjected to SDSM.
Distributions of distance and sequence entropy for targeted residues, selected hotspot residues and beneficial mutants
The non-normalised distribution for 38 mutants found in 33 hotspot residues using EPPCR/DS of 10 enzymes is shown in Fig. 4 . While the number of datapoints was quite low (38), they fall within only 20 bins. Even so, the distribution must be interpreted with some caution compared with the more data rich SDSM distributions described below. The beneficial mutations found were distributed broadly across the same diagonal as observed in Fig. 3A for all residues, with their sequence entropies [H(x)] ranging from 0.3 to 2.1 and distances from 2 to 15 Å . However, the beneficial mutants were distributed with at least two clear peaks for intermediate and high values of both H(x) and distance, with two other peaks potentially appearing at low H(x) and distance.
Similar plots are shown for the 164 target residues (Fig. 5A ), 64 hotspot sites (Fig. 5B ) and 231 beneficial mutations (Fig. 5C ) identified by SDSM. The target sites have clearly been pre-selected by the respective authors to distances below 15 Å and H(x) values typically below 1.8, relative to those seen for all enzyme residues in Figs 2B and 3B. The target residues at distances below 10 Å grouped into two peaks with H(x) of 0 -0.3 and 0.9-1.2 as observed for all enzyme residues in Fig. 3B . The greatest peak with 32 target residues corresponded to H(x) in the range 0 -0.3 and distances of 2 -5.5 Å . The 'hotspot' residues selected by SDSM (Fig. 5B) were further focused to distances below 5.5 Å , as described above, with two distinct H(x) peaks still apparent. A similar distribution was obtained for the actual 231 beneficial mutants affecting substrate specificity (Fig. 5C ). The change in the distribution of both hotspot residues and beneficial mutations relative to target residues can be seen more clearly in Fig. 5D and E, respectively. The enrichment of hotspot residues at distances below 5.5 Å occurred evenly across the range of H(x) from 0.3 to 1.5 (Fig. 5D ). In comparison, the beneficial mutants obtained became biased towards H(x) values around 1.2 and to some extent around 2.1, relative to the target residue distribution, whereas the distance remained at below 5.5 Å . Although the greatest cluster of beneficial mutants for SDSM occurred at 2 -5.5 Å from the active site, and with H(x) ranging from 0 to 0.3 (Fig. 5C ), this peak is less prominent than for the target sites which were pre-selected with a bias in the same region. This suggests that SDSM targeted to residues within 5.5 Å of the active site increases the probability of finding beneficial mutants at the highly conserved sites, compared with EPPCR/DS. However, slightly fewer beneficial mutants are obtained by SDMS at highly conserved sites than for sites with intermediate conservation.
Optimisation of targeted mutagenesis based on distance and sequence entropy
It was of interest to investigate whether the additional bias in SDSM libraries towards first-shell active-site residues and to those within the two distinct groups of sequence entropy, would enable selection rules based on distance or sequence entropy thresholds, to be applied for the more efficient design of libraries. The accumulation of beneficial mutants selectable as a function of the percentage of target residues occurring below a given distance from the active-site atoms is shown in Fig. 6 . As the distance from the active site increased, so too did the number of target residues. The proportion of all beneficial mutants increased slightly faster than the proportion of target residues with an initial slope of 1.5. The returns per target residue decreased to a smaller value of 0.45 at above 50% of all target residues. With this method, 60% of all mutants can be obtained from 40% of target sites.
A simple grid search that varied both the minimum and maximum distance from the active site was used to select a group of target sites that gave the maximum number of beneficial mutants. This was repeated at various pre-defined thresholds for the percentage of all possible target sites chosen, and the resulting profile is also shown in Fig. 6 . This selection method gave an initial slope of 1.8 for beneficial mutants per target residue, before decreasing to 0.45 at above 50% of all target residues. Up to 60% of all mutants can now be obtained from 35% of target sites using this method.
Finally, a second similar grid search varied the maximum and minimum distance as well as the maximum and minimum values for two non-overlapping H(x) ranges. The resulting profile in Fig. 6 shows a further increase to an initial slope of 2.7, before decreasing to a slope of 0.45 at above 40% of all target residues. To obtain 60% of all mutants requires a search of only 27% of all target sites when optimised by this method.
Discussion
The criteria chosen for our analysis gave 10 and 12 enzymes subjected to EPPCR/DS and SDSM, respectively. The Pseudomonas aeruginosa lipase appears in both enzyme sets, and the glutaryl acylase (EPPCR/DS set) and penicillin acylase (SDSM set) were the only closely related enzymes in terms of high sequence homology. As the two enzyme sets were essentially unrelated, a comparison of the distributions of all their residues was necessary before relating any results from the two different directed evolution strategies. This was particularly important for sequence entropy [H(x)] which can vary due to bias in the population of sequences deposited in databases and also due to inherently different rates of evolution between enzymes. In contrast, the measurement of Distribution of mutants from directed evolution distance to the active site is an absolute value and therefore less likely to be biased by enzyme choice.
The near identical values of both the average and standard deviation for H(x) between the two enzyme sets (Table II) ensured comparability of any observations relating to H(x). However, the average number of residues per enzyme was 25% greater and had a 60% greater standard deviation for the SDSM set compared with the EPPCR/DS set. Therefore, the SDSM set had a greater occurrence of residues at the longest distances from the active site than the EPPCR/DS set. To account for any differences between the two sets, the distribution of beneficial mutations by distance from the active site or by H(x) was always compared with the equivalent distribution for the target residues.
In the previous study by Morley and Kazlauskas , the improvement factor resulting from a mutation was expressed as a DDG or DDDG value, and plotted against the distance from the active site. In contrast, we chose to analyse the outputs of EPPCR/DS and SDSM by simply determining the frequency of mutations that resulted in any significant improvement for each bin range of distance and H(x). The main reason for this was that a comparison of improvement factors between enzymes is not necessarily meaningful as they are likely to vary widely in their potential for change by mutation, especially when assessed under different in vitro conditions. For example, isolated enzymes are considered to be optimally evolved when the K m is at least 10Â greater than the available substrate concentration, along with an appropriately increased k cat (Fersht, 1974) , and also in cases where k cat /K m has reached the diffusion-controlled limit (Albery and Knowles, 1976) . Within the context of metabolism, enzymes have not necessarily had to evolve to the optimum for isolated enzymes, due to temporal variations in the available substrate concentration (Pettersson, 1989) , or the need to act on a broad range of substrates (James and Tawfik, 2001) .
Our analysis of the location of beneficial mutants obtained by EPPCR, as a function of distance from the active site, confirmed the observation by Morley and Kazlauskas that residues within 5 -15 Å of a key catalytic atom are more likely to result in altered substrate specificity. We have extended this analysis and shown that expanding the definition of the active-site atoms from which the distance is measured, to additionally include substrates (or analogues), and cofactors, does not significantly alter the observed result for EPPCR/DS. It is known that single-base-pair mutation accumulated by EPPCR/DS typically access on average only 5.7 alternative amino acids at each residue (Miyazaki and Arnold, 1999) , and that most of these mutations are also physico-chemically conservative. Therefore, as might be expected, enzyme active-site residues that are essentially in contact with catalytic, substrate and cofactor atoms, and that are also relatively highly conserved, appear to have evolved such that conservative mutations from EPPCR/DS and similarly from natural point mutations have little impact on substrate specificity. In fact, conservative mutations of residues in direct contact with cofactors and substrates are no more likely to alter the substrate specificity (without significant loss of activity), than mutations of other active-site residues that are equally distant from the singly defined catalytic atom.
Analysis of the SDSM data revealed a very different picture to the conservative EPPCR/DS approach. SDSM can access all 20 amino acids, and the directed evolution studies analysed here were designed such that they all had a good (though not necessarily equal) probability of being sampled.
On the basis of amino-acid exchange types possible in the universal codon table, $25% of the mutants obtained by the SDSM studies would be impossible to obtain by only a single-base-pair mutation, although this value may be even higher depending on the actual codons used in the parent sequences. Notably, over 40% of the exchanges were to amino acids that did not occur in natural variants (data not shown), suggesting a potential loss of fitness results from such mutations in vivo, yet a functional enzyme is retained albeit on a different substrate.
The use of SDSM produced a distinct bias towards residues that were actually in contact with catalytic atoms, cofactors and substrates (or analogues) compared with other residues that were within the same distance threshold from the key catalytic atom. This is seen most clearly in the observation that residues within either a threshold of 5 Å to catalytic atoms, cofactors and substrates or a threshold of 10 Å to just the catalytic atoms, both yielded the same result of 72% of all beneficial mutants. Only 300 active-site residues need to be targeted for the first definition, whereas mutagenesis of 656 active-site residues would be required using the definition of distance from only the key catalytic atom. This suggests a significant potential improvement in directed evolution strategy when using SDSM. It appears that enzyme active sites have not evolved sufficient robustness to maintain the wild-type substrate specificity in the event of the nonconservative mutations accessible by SDSM, and that residues in direct contact (first shell) with cofactors and substrates can in fact be targeted by SDSM in an efficient directed evolution strategy for altered substrate specificity. Finally, it is also of note that when comparing SDSM with EPPCR, the latter was much less efficient as seen by the 50-100Â lower enrichment ratio (Fig. 1C) than for SDSM.
The recent observation that active-site mutations which altered the substrate specificity of transketolase (Hibbert et al., 2007 (Hibbert et al., , 2008 were biased towards sites that were highly conserved (sequence entropy of 0 -0.3) led us to explore the generality of this result here. It is no great surprise that on average the majority of residues in enzymes were .10 Å from the active site, or that they occupied a broad range of sequence entropies (Fig. 2) . Also expected was the correlation between proximity to the active site and the sequence entropy for natural sequence variations (Fig. 3) , as it has long been known that highly conserved sites are strongly linked to enzyme catalytic function (Garavito et al., 1977; Zvelebil and Sternberg, 1988) , although many other aspects of proteins may also be expected to be highly conserved, such as folding nucleation sites, allosteric regulation sites or structural ion-binding sites (Ota et al., 2003) .
It is interesting that two distinct sequence entropy peaks emerged for active-site residues (Fig. 3) . A possible explanation is that mechanistically important residues are typically conserved, whereas those contributing to substrate affinity are often partially conserved with intermediate values of sequence entropy, as enzymes have often evolved slightly different substrate specificity spectra between organisms (Mirny and Gelfand, 2002) . However, such a distinction was not explored further in this study.
The distribution of beneficial mutations obtained by EPPCR/DS (Fig. 4) was broadly similar to that of all enzyme residues (Figs 2A and 3A) , in that there was a correlation between their distance and sequence entropy. However, not Distribution of mutants from directed evolution only were most found within 15 Å of the active site as discussed above, but they were also mostly at above 5 Å from the active site and with the sequence entropy in two clusters centred at values of 0.9 and 1.6, respectively. Most interesting is the relative lack of beneficial mutants from highly conserved sites which, as discussed above, is likely to result from the conserved mutation types typically obtained by EPPCR/DS. Just as these mutations appear to have led to either no improvement or maybe even loss of activity, similar ones occurring by natural mutation would confer no selective advantage to the enzymes.
In the SDSM studies, the majority of beneficial mutants occurred at residues at below 5 Å from the active site, and with sequence entropy values below 0.3, or at 0.9-1.6 (Fig. 5C ). Although mutant hotspots were clearly enriched at below 5 Å from the active site, and without any notable bias in the sequence entropy distribution relative to the target sites (Fig. 5D ), the accumulation of beneficial mutants showed an increased bias towards intermediate sequence entropy values of $1.2 relative to the target sites (Fig. 5E ). This is an interesting result, especially when compared with EPPCR/DS for which hardly any beneficial mutants were obtained within 5 Å or at highly conserved sites. SDSM accessed beneficial mutants much closer to the active-site atoms than EPPCR, but also at residues that were completely conserved. This suggests that not all conserved residues in the active site are mechanistically important, and that some may be conserved either to maintain a particular substrate specificity or for less obvious functional reasons such as regulation by inhibitors. However, the slight bias away from the completely conserved residues and towards those with intermediate sequence entropies is perhaps expected, as the latter are naturally more tolerant to a wider range of substitutions and perhaps more likely to be involved in substrate or cofactor binding than the catalytic mechanism itself.
These results mirror a related study on the directed evolution of protein -protein interactions for EGF, EGFR, IL-2 and subtilisin, where mutagenesis was found to be biased towards residue positions that are phylogenetically variant in nature, and where 40-80% of the amino acids obtained at these positions were present in at least one natural orthologue (Cochran et al., 2006) . However, although loss of function was observed for mutations at highly conserved residues, it appears that in vitro, enzymes are more tolerant of mutations at highly conserved active-site residues.
Our results suggest that there is still considerable room for improvement in choosing initial targets for SDSM in the directed evolution of enzymes. With this in mind, we also investigated the optimisation of target selection for SDSM using a range of distance and sequence entropy thresholds. Overall, the selection of residues based on only a maximum distance threshold (Fig. 6 ) gave the same result as expected from Fig. 1B . On average, 1.5 beneficial mutants were returned for each target residue selected, as the distance was increased to 5 Å . This captured up to 50% of the target residues and up to 72% of the beneficial mutants. The inclusion of a minimum distance threshold improved the initial return of beneficial mutants slightly, where a minimum distance of 2.3 Å removed 10 target sites that had an approximate return of 1 mutant each (11 mutants in total). Finally, the inclusion of two ranges for sequence entropy was also investigated as the sequence entropy distributions for residues close to the active site tended to cluster into two regions (Fig. 3B and 5A -C), as discussed above. In this case, the initial rate of return for beneficial mutants increased to 2.7 per target residue. This arose, for example, at 23% of target residues selected by sequence entropies in the ranges 0.3-0.8 and 1.1-2.3, with a distance range of 1.3 -6 Å (data not shown), for a yield of 55% of mutants.
Our aim was to identify scope for improvement in the efficiency directed evolution strategies, in terms of how best to focus mutagenesis by the SDSM approach. Different scenarios exist which affect the potential to apply these methods. For example, if a protein structure or relatively accurate homology model exists, then the use of threshold distances to the active site provides an effective method. Choosing distances up to 5 Å is the most effective, and at these distances, the residues are mostly in direct contact with the catalytic atoms, substrate and cofactors. It is apparent that there is also some improvement to be gained by applying a sequence entropy analysis if sufficient sequence data exist in the databases. Residues that are highly conserved or partially conserved, with sequence entropies in the ranges 0.3 -0.8 and 1.1 -2.3, are the best targets for SDSM. Where both structure and sequence data are available, it is perhaps better to select residues by distance first, and then if there are still too many target residues than can be handled due to limitations in the available enzyme screening throughput, a refinement by sequence entropy selection would be appropriate.
